Abstract-This paper reports post-annealing of zinc oxide (ZnO) films on flexible foil substrates in order to improve the functional and acoustic wave sensing performance. ZnO films of 5 µm thick were deposited onto aluminum foils (50 µm thick) using magnetron sputtering and then annealed in air at different temperatures between 300°C and 500°C. Effects of postannealing on structural, optical, and device properties of the ZnO films and ZnO/Al foil acoustic wave devices were investigated. A temperature of 350°C was identified as the optimized annealing temperature, which resulted in good light transmission, improved crystallinity, reduced film stress/defects, and increased amplitude of reflection signals of both Lamb and Rayleigh waves. The annealed ZnO/Al acoustic wave devices demonstrated a large temperature coefficient of frequency and a good linearity, revealing the potential for precise temperature sensing.
I. INTRODUCTION
O WING to their flexibility, conformability, lightweight, and low cost [1] , flexible electronics have attracted extensive attention as an emerging technology for various applications, including flexible displays [2] , electronic skin [3] , memory [4] , eyeball cameras [5] , and graphenebased flexible transistors [6] . On the other hand, surface acoustic wave (SAW) resonators are crucial components for communications [7] , microsensors [8] , microfluidics [9] , and lab-on-a-chip applications [10] . SAW devices are usually fabricated on rigid substrates, such as silicon, quartz, LiNbO 3 [11] , and LiTaO 3 [12] , which are not suitable to fabricate flexible SAW devices.
It was reported that polymers could be used as the flexible substrates for the fabrication of bendable or flexible SAW devices [13] , and some results about humidity sensing [14] and UV sensing [15] have been published. However, because of significant attenuation and dissipation of acoustic wave and energies, poor film crystallinity, and poor adhesion of thin film on the polymer substrates, there are significant challenges to realize efficient acoustic microfluidics and high precision sensing functions using these polymer substrates [16] .
Recently, we have developed flexible acoustic wave microfluidic devices based on the deposition of a thin layer of ZnO film on commercially available Al foil and these devices have demonstrated good flexibility and fatigue resistance [16] . However, as-deposited ZnO film has relatively poor crystal quality and large amount of film defects, which significantly affect the acoustic wave sensing performance of the devices. The ZnO coated Al foil will often curl up due to large film residual stress. Post-annealing is a routine and effective method to reduce the film defects and stress, improve the microstructure, and enhance the acoustic wave properties of the ZnO thin film-based acoustic wave devices on rigid substrates, such as silicon [17] , glass [18] , and LiNbO 3 [19] . However, the influence of Post-annealing on the structural, optical, and SAW properties of ZnO thin films deposited on flexible substrates was not commonly reported [20] - [24] . Furthermore, none of them were focused on flexible ZnO/Al foil acoustic wave devices. Challenges could exist for the potential degradation of performance resulted from the 0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. large deformation of structure due to the influence of thermal stress effects during annealing, which needs to be investigated. Therefore, this paper will focus on the post-annealing effects on interfacial structures, film stress, optical and acoustic wave properties of ZnO/Al film systems, and SAW devices for potential sensing applications.
II. EXPERIMENTAL DETAILS
ZnO films (5 μm thick) were deposited on commercial aluminum foils (with thicknesses of 50 ± 5 μm in rectangular shapes with dimensions of 250 mm × 150 mm) and standard glass slides (1 mm thick) using reactive magnetron sputtering, which was reported in our previous work [16] . In the process, we used a Zn target (99.99 at%), an Ar/O 2 flow ratio of 50/50 standard cubic centimetre per minute and a dc power of 500 W. During deposition, the substrate holder (without intentional substrate heating) was rotated to improve film coating uniformity. The distance between the substrate and the target was set as 100 mm and the gas pressure was set as 5 mtorr. The deposited ZnO films on glass slides and Al foils were annealed in a furnace in air with the annealing temperatures of 300°C, 350°C, 400°C, 450°C, and 500°C for 90 min and heating/cooling rates of 20°C/min.
To form the delay lines, the Al foils with the deposited ZnO films were attached onto a silicon carrier wafer, and the interdigital transducers (IDTs) made of Cr/Au were fabricated using conventional photolithography processes. The IDTs were designed with the wavelength of 64 μm, 20 pairs of fingers, and the aperture of 4.9 mm. The distance between the centers of a pair of IDTs was designed as 10 mm. The schematic illustration and photograph of the developed ZnO/Al SAW device are shown in Fig. 1 . The frequency response spectra of the SAW devices were obtained using a network analyzer (Agilent E5061B).
Cross-sectional morphology of the films was studied using a scanning electron microscope (Hitachi SEM S-4100). Crystalline structures of the ZnO films were analyzed using X-ray diffraction (XRD) with a Siemens D5000 XRD spectrometer. Optical transmittance and reflectance properties, as well as refractive index (n) of the films deposited on glass slides and then annealed at 300°C, 400°C, and 500°C were measured using an Aquila NKD-8000 spectrophotometer. Photoluminescence (PL) studies were carried out using a Varian Carry Eclipse PL spectrophotometer with a light excitation source of the wavelength of 300 nm and a filter of 345 nm. Temperature sensing using the ZnO/Al acoustic wave devices was conducted in an environmental chamber, and the ambient temperature in the incubator was increased and the corresponding resonant frequency was recorded using the network analyzer.
III. RESULT AND DISCUSSION

A. Microstructure and Interfacial Structures
XRD patterns of the ZnO film on Al foil and those annealed at different temperatures from 300°C to 500°C are shown in Fig. 2(a) . The as-deposited and annealed films show two main peaks, i.e., 2θ values at 34.29 and 44.82°, corresponding to ZnO (002) (referring to JCPDS Card No. 36-1451) and Al (200) peaks (referring to JCPDS Card No. 01-1176), respectively. Another two minor peaks were observed at 2θ = 31.19°and 62.83°, corresponding to ZnO (100) and ZnO (103) peaks, respectively. The XRD results revealed that the ZnO film on Al foil has a (002) preferred orientation. The full-width at half-maximum (FWHM) data for the ZnO peaks of the films annealed at different temperatures were obtained using software MDI Jade 5.0, and the results are shown in Fig. 2(b) . Before annealing, the FWHM value for the ZnO (002) peak was 0.88 and it decreased significantly to 0.44 after being annealed at 300°C.
The crystalline size (D) of the films were calculated using the Debye-Scherrer's formula [25] 
where k is a constant taken to be 0.9, λ is the wavelength of the incident X-ray (λ = 0.154184 nm), β is the corrected FWHM for the instrument broadening of the maximum intensity peak, and θ is the angle at which the maximum peak occurs. The calculated results of the crystal sizes are shown in Fig. 2 (c). For ZnO (002) peak, the average crystal size of the as-deposited film was estimated to be about 7.3 nm, and it increased to about 30 nm after 500°C annealing. The film stress σ film was estimated using the following equation [26] :
where C i j is the bulk ZnO elastic constants [26] , c bulk (0.5206 nm from JCPDS Card No. 36-1451) is the c-axis lattice constant of strain-free bulk ZnO, c film is the c-axis lattice constant of the ZnO film. Because of the differences in the coefficient of thermal expansion (CTE) between ZnO and Al, thermal stress was introduced after cooling from annealing temperature. The thermal stress of a two-layer system (σ th ) can be calculated using
where A and B refer to two layers (Al and ZnO, respectively), E is Young's modulus, γ is Poisson's ratio, d A and d B are the thicknesses of the Al and ZnO, respectively, and α is the value of CTE [27] . The intrinsic stress can be calculated by
where σ intrins is the intrinsic stress, σ film is the film residual stress, and σ th is the thermal stress of the film. Table I shows the calculated values of σ film , σ th , and σ intrins . The smallest film intrinsic stress was obtained when the annealing temperature was 350°C and it was far smaller than the thermal stress. The 350°C annealing temperature could effectively decrease the film intrinsic stress and introduce a relatively small thermal stress.
B. Optical Properties
The as-deposited ZnO film on Al foil showed a yellowish, golden, or dark brown color depending on the film thickness of up to 5 μm. However, after annealing, the ZnO film on the Al foil becomes semitransparent, indicating the significant improvements in the film optical transparency. ZnO films deposited on glass substrates were used to evaluate the changes of the optical properties of the ZnO films. Fig. 3 shows the measured refractive index (n) and extinction coefficient (k) of the ZnO films on glass substrates. The values of n decreased significantly after 300°C annealing and then slightly increased after 400°C and 500°C annealing. For the as-deposited film, the value of n was 1.871 at the wavelength of 630 nm, whereas after annealing it became 1.819, 1.844, and 1.841 with the annealing temperatures of 300°C, 400°C, and 500°C, respectively. The value of k also decreased after annealing and it was the smallest for the film annealed at 300°C. With the smallest values of n and k, post-annealing could enhance the light transmission properties and 300°C is an optimum annealing temperature in the films we studied to obtain the ZnO films with better light transmission properties.
Raman scattering spectra of the as-deposited and annealed ZnO/Al films versus annealing temperatures were measured and are shown in Fig. 4 . For the as-deposited film, the peaks at 324, 434, and 576 cm −1 were observed, which are corresponding to the acoustic overtones of E 2H -E 2L , E 2H , and E LO 1 , respectively [28] . A Raman peak around 1150 cm −1 was also observed in a bigger wavenumber region which corresponds to the optical overtone [29] . Before annealing, the peaks of E 2H and E LO 1 were located at 434.39 and 576.13 cm −1 , respectively, but after annealing at 350°C, they were shifted to 437.28 and 582.88 cm −1 , respectively. The shift of the Raman peak is due to the increased crystallite size (confirmed by the XRD analysis discussed earlier) and changes in film stress after annealing. For the as-deposited ZnO film, the peak of E LO 1 mode (576 cm −1 ) was predominant, whereas after 350°C annealing, the E 2H mode (437 cm −1 ) became dominant, indicating that the film got better crystal quality after annealing. Because the peak of E 2H is related to the oxygen sublattice [30] , the enhanced polarization and the increased intensity of E 2H mode maybe resulted from more oxygen atoms diffused into the films after annealing in the air. Fig. 5 shows the PL spectra for the as-deposited and annealed ZnO/Al films. The peaks were observed at UV and visible bands, which are around 377 nm (3.29 eV), 424 nm (2.92 eV), 461 nm (2.69 eV), 485 nm (2.56 eV), and 531 nm (2.34 eV). For the as-deposited ZnO film, two peaks can be observed at UV region as shown in Fig. 5, i .e., a strong peak at 377 nm and a weak peak at 390 nm. The former peak is due to the recombination of free excitons from the conduction band edge (E C ) and the valance band edge (E V ), and the latter peak is supposed to be generated by the radiative transitions from Zn interstitial state (I Zn ) to valance band edge (E V ) [31] . After annealing, the peak at 390 nm disappeared, indicating that the post-annealing can decrease the defect density of Zn interstitials (I Zn ) of the films by adopting more oxygen atoms, thus improving the degree of crystallinity.
The visible light emission is corresponding to the recombination of different types of defects as shown in the inserted figure of Fig. 5 [32] . The intrinsic defects in the ZnO films include oxygen vacancies (V O ) and interstitial oxygen (I O ) and zinc vacancies (V Zn ) and interstitial Zn (I Zn ). As shown in the insert figure of Fig. 5 , the red emission of the ZnO film is associated with oxygen vacancies (V + O ), and the blue emission and the violet emission are associated with zinc vacancies (V Zn ) and interstitial Zn (I Zn ), respectively. In Fig. 5 , the visible band was dominated by blue band (400-500 nm) for all the films, implying that the zinc vacancies (V Zn ) are the main defects in the film before and after annealing. After 350°C annealing, the visible band emission decreased significantly and the 531 nm peak disappeared, indicating that there were least zinc vacancies (V Zn ) defects and oxygen vacancies (V O ) defects in the film annealed at 350°C. Fig. 6(a) shows the simulated frequency response spectra of the ZnO/Al SAW devices. There are three major resonant peaks at around 41.1, 72.2, and 85.5 MHz in the range of 30-90 MHz. To identify the vibration modes of these three resonant frequencies, finite-element analysis was performed using COMSOL 5.0 software with a 2-D piezoplane strain mode. Simulation for the ZnO/Al SAW device with a given wavelength of 64 μm was obtained and shown in Fig. 6(b)-(d) . Three major resonant peaks at 41.1, 72.2, and 85.5 MHz were identified as Rayleigh/asymmetric Lamb hybrid mode (R 0 /A 0 ), asymmetric Lamb mode (A 1 ) and symmetric S 1 peaks, based on the vibration patterns. Fig. 7 shows the measured reflection signal (S 11 ) of A 1 mode for the ZnO/Al SAW device annealed at different temperatures. The reflection loss, resonant peak amplitude, and resonant frequency for the device with different annealing conditions were measured and the results are shown in Fig. 8 . The increase of reflection loss of the signal was observed after annealing and it could be mainly due to the generation of defects or cracks on the surface of the ZnO film, which were caused by the significant deformation of the Al substrate due to the bimetallic layer thermal effect during the high temperature annealing processes.
C. SAW Device Performance
As shown in Fig. 8 , after annealing, the resonant frequency and amplitude of the A 1 mode increased significantly, but then decreased with further increasing of annealing temperature. The device possessed the best SAW properties of A 1 mode with the highest value of amplitude of 0.13 dB and relative high frequency of 69.66 MHz after 350°C annealing. For the R 0 /A 0 mode and S 1 mode, the same phenomenon was observed, indicating post-annealing could increase the amplitude of S 11 signal and thus make the signal easier to be distinguished. The reason for the shift of the frequency of A 1 mode is very complex and the further research is being implemented to figure it out. Fig. 9 shows the transmission signal (S 21 ) of R 0 /A 0 mode as a function of the annealing temperature for the ZnO/Al SAW devices. The resonant frequency and the amplitude of the R 0 /A 0 mode signal were measured and shown in Fig. 10 . After 400°C annealing, the resonant frequency and the amplitude decreased by 1.59% and 65.82% comparing with those of the as-deposited device, respectively. With further increasing the annealing temperature up to 500°C, the transmission signal was too weak to be measured accurately. For the A 1 mode and S 1 mode, the S 21 signal was also diminished after a high temperature post-annealing. Due to the significant deformation of the ZnO/Al foil and the thermal stresses, there were some cracks generated on the film surface after the annealing. Although the significant deformed samples after annealing can be restretched into a flat shape, the generation of cracks and increase of film roughness would still deteriorate the wave propagation on the film surface. Because annealing could weaken the transmission signal strength, the annealing temperature cannot be too high; otherwise, thermal stress will be too large to cause problems. The shift of the frequency of R 0 /A 0 mode can also be observed in Fig. 10 and more effort is required to make it clear.
The 350°C annealed ZnO/Al SAW device (64 μm, R 0 /A 0 mode, 41.1 MHz) was used to measure the frequency changes at different temperatures, and the obtained results were compared with those from the ZnO/Si SAW device (64 μm, R 0 mode, 62.5 MHz) as shown in Fig. 11 . Compared with that of the ZnO/Si SAW device, the R 0 /A 0 mode of the ZnO/Al SAW device was more sensitive to temperature. The temperature coefficient of frequency (TCF) values for the ZnO/Al SAW device and the ZnO/Si SAW device can be estimated using
where f 0 is the initial frequency, f is the shift of frequency, and T is the change of temperature. The calculated TCF values for the ZnO/Al device and the ZnO/Si device was −217.5 ppm/°C and −28 ppm/°C, respectively. Based on the similar methods, we have also measured the TCF values for both the A 1 and S 1 modes which is shown in Fig. 12 , the TCF values of ZnO/Al SAW devices were also several times of those of ZnO/Si SAW devices. Clearly, the post-annealed ZnO/Al foil SAW devices showed an improved performance at a post-annealing temperature of 350°C and they are suitable for temperature sensing applications. Further work is being done to evaluate the microfluidics performance and sensing work on UV, humidity, as well as biosensing using these Al foil-based SAW flexible devices. However, for many sensing applications, it is needed to control the TCF values to be minimized. In order to reduce the large TCF readings, a layer of SiO 2 will be used as an intermediate layer on Al foils before deposition of ZnO films, since the TCF of the SiO 2 has an opposite values of TCF compared with that of the ZnO, which can reduce significantly this temperature effects.
IV. CONCLUSION
Post-annealing effectively improved the microstructures of the ZnO film on Al foil by increasing the crystallite size and decreasing the microstrain and reducing the film stress and defects, and the optimized annealing temperature was identified as 350°C. The film possessed a strong ZnO (002) preferred orientation, small film stress (−0.17 GPa) and large crystallite size (24 nm) after 350°C annealing. For all the samples the dominant Raman peak was 437.28 cm −1 after annealing, which are highly consistent with those of the bulk material. The main defects in the film were observed as zinc vacancies (V Zn ) which could be reduced significantly after 350°C annealing. Simultaneously, after 350°C annealing, the amplitude of reflection signal of A 1 mode increased by 712%, which makes the signal easier to be distinguished. The annealed ZnO/Al SAW devices possessed a large value of TCF (−217.5 ppm/°C), revealing a potential for precise temperature sensing.
